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Abstract:  Successful  machine  diagnostics  is  critically  dependent  on  the  collection  and 
processing  of  prognostic  features  that  relate  back  to  failure  precursors.  Since  the  significance  of 
gear  tooth  failure  is  recognized  as  a critical  component  to  the  overall  condition  of  drive  train 
mechanical  systems,  single  gear  tooth  failure  has  been  examinui.  By  employing  a special  jig  to 
orient  and  constrain  the  gear  samples,  Hertzian  loading  was  applied  along  a single  contact  line  on 
the  gear  tooth  to  simulate  the  conditions  seen  during  operation.  Optical,  ultrasonic  and 
mechanical  sensors  measured  a variety  of  observables  including  load,  deflection,  and  acoustic 
emission.  After  monitoring  the  fatigue  test  with  these  three  noncommensurate  sensors,  features 
of  the  data  could  consistently  be  related  to  crack  growth  phenomena.  Data  collection,  analysis, 
and  interpretation  are  discussed  for  spur  gear  samples  that  show  both  the  absence  and  presence  of 
cracks  and  support  the  validity  of  the  extracted  features  as  failure  precursors.  Cyclostationary 
analysis,  an  advanced  signal  processing  techniques,  was  used  to  promote  earlier  indication  and 
sharper  resolution  of  these  measures.  The  results  demonstrate  the  potential  for  using 
nontraditional  sensors  and  techniques,  which  are  more  amenable  to  commercial  use,  for  an  in  situ 
monitoring  system. 

Key  Words:  Multisensor  monitoring;  condition  based  maintenance;  cyclostationary;  acoustic 
emission;  gear  tooth  fatigue 


INTRODUCTION:  The  ability  to  predict  the  remair  ,ng  lifetime  of  a mechCa.ical  f[.  - m is  an 
area  that,  although  is  not  presently  realized,  commands  considerable  attention  from  both 
commercial  and  military  organizations.  Effective  machinery  prognostic  systems  hold  the 
promise  of  being  able  to  reduce  maintenance  costs,  improve  safety  margins,  increase  mission 
readiness  and  reduce  waste  through  implementation  of  retirement  for  cause  maintenance 
programs.  Critical  to  this  objective  is  the  ability  to  estimate  the  time  required  for  fault  initiation 
and  to  track  the  progression  of  these  failure  precursors.  Since  even  modem  manufacturing 
methods  can  not  create  truly  flawless  materials,  the  notion  of  flaw  initiation  is  one  of  semantics. 
Flaws  are  incipient  within  in  the  material,  so  effectively  our  objectives  should  be  to  detect, 
identify  and  track  the  progression  of  flaws  with  increased  accuracy.  Therefore,  it  is  generally 
accepted  [e.g.  1]  that  improvements  in  the  prediction  of  remaining  service  life  of  a component 
will  depend  on  this  ability. 
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Traditionally  the  prediction  of  remaining  lifetime  has  be  done  on  a statistical  basis.  Large 
population  databases  are  used  to  establish  relationships  between  operating  parameters  and 
mechanical  endurance.  Because  of  their  statistical  nature  however,  the  results  of  these  studies 
are  not  directly  applicable  to  an  individual  part  or  component.  This  fact  is  generally  overlooked 
or  mitigated  by  ensuring  that  significant  safety  ‘margins’  are  applied  before  the  data  is  employed 
in  a maintenance  regiment.  This  approach  results  in  potentially  large  amounts  of  waste,  since 
parts  are  replaced  based  on  a conservative  statistical  estimate  of  lifetime  rather  than  a more  direct 
measure.  There  is  also  the  potential  that  a failure  will  occur  before  the  statistically  predicted 
lifetime,  which  motivates  the  need  for  more  accurate  condition  monitoring  from  the  perspective 
of  safety.  In  this  paper  we  investigate  techniques  that  can  detect  and  track  failure  precursors  in 
individual  components  rather  than  populations  of  parts.  These  features  could  potentially  be  used 
to  develop  a robust  prognostic  model  that  predicts  the  remaining  useful  life  of  the  system  by 
employing  data  fusion  and  intelligi.nt  reasoning  techniques  [2]. 

EXPERIMENTAL:  As  faults  grow  from  micromechanical  initiation  sites  and  gain  dominance 
over  other  potential  failure  sources,  they  manifest  themselves  in  a number  of  ways  through  out 
the  system.  This  redundancy  of  information  about  the  physical  failure  process  suggests  that 
different  measures  or  perspectives  can  be  combined  to  establish  a more  robust  description  of  the 
underlying  system.  Furthermore,  we  expect  that  certain  measures,  or  our  ability  to  probe  them, 
will  be  more  sensitive  to  early  fault  detection  while  other  will  display  attributes  such  as  improved 
source  identification. 

In  this  paper  we  employed  three  sensing  methods:  acoustic  emission,  mechanical  deflection  and 
toad  measurements,  and  optical  deflection  measurements,  to  monitor  the  fatigue  crack  gro-wth  in 
a set  of  typical  aircraft  drive  train  gears.  The  gears  were  32-tooth  spur  gears  made  from 
commercially  accepted  hardened  steel.  After  the  gears  were  modified  by  cutting  alternating 


Figure  1.  Gear  fatigue  test  fixture 


groups  of  four  teeth  from  the  periphery  of  the  gear,  they  were  placed  in  a test  fixture  (Figure  1) 
based  on  a Boeing  gear  fatigue  apparatus  [3],  Tnis  test  fixture  constrains  the  tooth  loading  along 
a line  of  contact  at  the  highest  point  of  single  tooth  contact.  A Materials  Testing  System  (MTS) 
cyclically  drove  the  load  frame  ram  onto  the  compliant  armature  of  the  fixture  in  a stress 
controlled  maimer.  After  an  initial  ramp  up  to  the  maximum  load  condition,  the  ram  cycled  at  a 
rate  of  20  Hz,  Figure  2,  between  a minimum  compressive  load  of  900  lb.  and  a maximum 
compressive  load  of  1 0,000  lb.  Load  and  position  data  were  collected  from  the  MTS  sensor  head 
at  rate  of  100  samples  per  sec  until  the  axial  position  of  the  loading  head  exceeded  a preset 
deflection  limit.  This  limit,  which  established  the  end  of  the  testing  sequence,  was  set  at  an 
0.002  in.  increase  beyond  the  initial  maximum  deflection  established  at  the  onset  of  loading. 
Commensurate  with  this  data  collection,  acoustic  emission  and  optical  data  were  collected  with 
sensors  that  were  triggered  and  synchronized  with  the  MTS  loading  frame. 

OPTICAL  MEASUREMENTS:  The  optical  setup  used  to  measure  deflection,  was 
based  on  a i.nife  edge  detection  arrangement,  Figure  3.  To  accommooc^te  opi  cal  beam 
access  into  the  crowded  environment  we  mounted  the  mirror  as  close  to  the  loaded  gear 
tooth  as  possible,  on  the  loading  jigs  fixture  arm.  Any  movement  experienced  by  the 
loaded  tooth  results  in  deflections  of  the  mirror  since  the  load  arm  insert  and  the  gear 
tooth  was  in  intimate  contact  throughout  the  test.  The  deflection  of  the  laser  beam  by  the 
reflecting  surface  of  the  mirror  varied  the  amount  of  light  that  passed  by  the  knife  edge 
and  was  focused  on  the  detector  by  collecting  optics.  As  the  mirror  tilts,  the  optical  beam 
path  deflects  by  d at  the  knife  edge  according  to  the  expression 

d=lim{2(p)  (1) 

1 is  the  distance  to  the  knife  edge  from  the  vibrating  mirror,  and  ij)  is  the  rotation  of  the  sensing 
mirror.  By  positioning  the  knife  edge  to  intercept  a portion  of  the  beam,  the  amount  of  light 
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Figure  2.  MTS  loading  profile 


focused  onto  the  detector  will  be  modulated  by  the  motion  of  the  sensing  mirror.  For  an 
collimated  laser  beam,  operating  in  the  TEMqo  mode,  the  spatial  variation  of  intensity  has  a 
radial  Gaussian  distribution  given  by 


2P  2r^ 

/(/•)  = -^exp( (2) 

TTO)  CO 

where  r is  the  distance  from  the  beam  center,  w is  the  half  width  of  the  beam  (the  points  where  the 
intensity  drops  to  e'^  times  that  of  the  center)  and  P,  is  the  total  power  in  the  beam  [3].  The 
voltage  output  of  the  photo  diode  will  be  proportional  to  the  light  power  imaged  onto  the 
detector,  defined  by  the  unmasked  portion  of  the  beam  that  falls  on  the  detector 

(3) 
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with  the  limits  of  integration  given  as  function  of  d. 

Voltage  data  was  collected  at  a rate  of  500  samples  per  seeond  and  stored  on  a personal  computer 
using  PC  based  software  and  a 12  bit  A/D  card.  Since  the  deflection  due  to  crack 
growth/opening  were  seen  to  be  much  smaller  than  the  elastic  deflection  of  the  gear  tooth  caused 
by  cyclical  loading,  it  was  imperative  that  the  entire  dynamic  range  of  A/D  be  utilized. 

Alignment  of  the  optical  beam  was  performed  so  that  the  laser  beam  was  captured  by  the 
collecting  optics  cind  focused  on  to  the  active  area  of  the  photodiode  throughout  the  entire 
displacement  cycle.  Next,  the  intensity  of  light  was  adjusted  using  a variable  attenuator  so  that 


Figure  3.  Knife  edge  detection  set  up  used  for  optical  detection  of  gear  tooth  deflection 


the  maximum  light  intensity  did  not  saturate  the  photodiode  device.  After  the  fatigue  loading 
ended,  a static  calibration  curve  was  generated  to  relate  deflection  to  voltage  output  by  driving 
the  ram  into  a known  deflection  position  and  recording  the  output  voltage.  Unfortunately  the 
dynamic  loading  conditions  produced  deflections  that  differed  substantially  from  the  statically 
loaded  deflections. 

ACOUSTIC  EMISSION  MEASUREMENTS:  Acoustic  Emission  (AE)  is  an  elastic 
stress  wave  generated  by  the  rapid  release  of  energy  within  a material.  Plastic 
deformation,  crack  initiation,  and  crack  growth  from  fatigue  or  corrosion  produce 
acoustic  emission  signals.  The  energy  that  is  converted  to  AE  signals  comes  from  the 
material  itself  As  a result,  this  nondestmctive  technique  is  sensitive  to  initiation  and 
propagation  of  defects.  Several  parameters  are  necessary  to  define  an  acoustic  emission 
event  or  hit.  Figure  4 illustrates  the  primary  terms  used  to  describe  the  signal  from  one 
AE  event.  The  AE  signal  is  monitored  as  the  voltage  response  as  a function  of  time,  V(t), 
from  the  transducer.  The  noise  level  refers  to  the  background  noise.  Successful  AE 
testing  relies  on  the  ability  to  detect  the  signals  of  interest  above  the  backgrot  id  noise. 
Background  noise  problems  range  from  negligible  to  severe,  depending  on  the  test 
conditions.  For  fatigue  testing,  mechanical  noise  sources  include:  test  machine  noise, 
flow  noise  from  pumps  and  valves,  and  all  types  of  fnctional  processes  (e.g.,  guide 
fixtures,  contact  points,  and  pivot  points).  One  of  primary  ways  of  excluding  background 
noise  is  the  use  of  a threshold.  When  the  amplitude  of  an  AE  signal  exceeds  this  voltage 
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Figure  4.  Definition  of  acoustic  emission  event  parameters 
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threshold,  an  event  or  'hit'  is  recognized  and  the  event  parameters  are  recorded.  These  specific 
signal  parameters  include:  the  peak  (maximum)  amplitude,  the  rise  time,  the  signal  duration,  the 
signal  counts,  and  the  signal  energy.  The  peak  amplitude  represents  a measure  of  the  signal 
strength  and  therefore  governs  the  detectability  of  the  event.  The  rise  time  is  the  time  fi-om  the 
first  threshold  crossing  to  the  signal  peak.  This  parameter  is  useful  for  source  discrimination  and 
signal  filtering.  Duration  is  defined  as  the  time  from  the  first  threshold  crossing  to  the  last  and 
may  be  used  for  source  discrimination.  Counts  (threshold  crossing  counts)  are  the  number  of 
times  the  AE  signal  crosses  the  threshold  and  gives  a simple  measure  of  the  signal  size.  The 
signal  energy  is  the  calculated  area  under  the  rectified  signal  envelope  and  provides  a combined 
view  of  peak  amplitude  and  signal  duration. 

Acoustic  emission  data  was  collected  during  each  fatigue  test  using  a LOCAN-AT  acoustic 
emission  unit  made  by  Physical  Acoustics,  Inc.  Each  gear  was  instrumented  with  a broadband 
( 1 1 OOC  llx  iz)  acoustic  emissioi  transducer.  The  transducer  was  cen  nted  on  a flat  region  of 

the  gear  just  above  the  tooth  being  loaded.  The  transducer  position  was  selected  for  protection  of 
the  transducer,  location  near  the  tooth  being  tested,  and  coupling  of  the  transducer  to  a flat  region 
of  the  gear.  Calibration  of  the  transducer  response  in  this  orientation  was  performed  using  the 
standard  mechanical  pencil  lead  break  test  on  the  test  tooth.  This  calibration  test  produced  an  80- 
84  dB  amplitude  response  indicating  strong  coupling  of  the  transducer  to  the  gear  and  high 
sensitivity  of  any  acoustic  emission  events  from  the  tooth  region.  The  acoustic  emission  (AE) 
system  was  synchronized  with  the  start  of  the  cyclic  loading  via  a voltage  trigger  from  the  MTS 
control  panel.  Acoustic  emission  data  was  collected  on  a hit-driven  basis,  meaning  that  data  was 
only  collected  when  a signal  threshold  value  was  reached. 

DATA  ANALYSIS  AND  RESULTS:  Figure  5 shows  macrographs  of  two  gears  visually 
inspected  after  the  cyclically  fatigue  testing  was  complete.  Both  gears  were  driven  in  the  same 
manner  and  reached  the  same  level  of  deflection  before  the  loading  cycle  was  halted.  Notice  tliat 
the  gear  on  the  right,  made  from  VASCO-X2,  does  not  show  any  significant  cracking.  In 
contrast,  the  gear  on  the  left,  made  from  AMS-6265,  which  shows  a severe,  0.7  cm  long,  crack 
starting  ftom  the  tooth  root.  The  data  sets  from  these  two  gear  teeth  were  used  in  the  ensuing 
data  analysis. 

In  order  to  provide  features  that  might  be  useful  to  a prognostic  model,  our  approach  was  to 
examine  changes  within  the  data  with  respect  to  a dependent  variable  that  relates  back  to  the 
fatigue  loading  condition.  A convenient  and  effective  observable  which  provides  a measure  of 
the  load  experienced  by  the  tooth  was  found  to  be  given  by 

cycles 

Accumulated  load  = J PdN  (4) 

0 

For  the  sinusoidal  driving  function  used  in  our  experiment  this  parameter  simplifies  to  the 
product  of  mean  load  multiplied  by  the  number  of  cycles,  PmeanN-  The  deflection  data  collected 
from  the  MTS  sensor  was  processed  by  using  a moving  average  filter  to  remove  the  20  Hz 
cyclical  variation  that  arose  due  to  the  elastic  deflection  response  of  the  gear  tooth  to  the  cyclical 
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loading.  This  processed  result  was  then  subtracted  from  a base  line  average  value  established 
from  the  initial  portion  of  the  data  record.  This  result  provided  a differential  moving  average 
deflection  value  as  a function  of  accumulated  load.  Tire  most  revealing  feature  obtained  from  the 
acoustic  emission  data  was  the  relationship  between  accumulated  acoustic  emission  energy  and 
the  accumulated  load  parameter.  This  relationship  is  physically  founded  since  we  expected  the 
strain  energy  released  during  crack  tip  advances  to  generate  significant  acoustic  emission  (AE). 
Unfortunately  it  was  difficult  to  discriminate  these  AE  events  from  the  high  background  noise. 
The  optical  data  was  initially  processes  in  a manner  similar  to  the  MTS  deflection  data.  A high 
pass  filter  was  applied  to  remove  the  20  Hz  response  of  the  dynamic  loading  and  the  resulting 
signal  was  squared  to  provide  a mean  squared  voltage  value  plotted  against  accumulated  load. 
The  results  of  these  analysies  for  ther  two  different  set  of  gear  data  are  compared  in  Figures  6-8. 


Figure  5.  Macrographs  of  gear  teeth  after  fatigue  loading.  The  right  image  shows  a gear  made 
from  AMS-6265,  while  the  left  image  shows  a gear  made  from  VASCO-X2 


Figure  6.  Comparison  of  differential  moving  average  deflection  calculated  from  AMS-6265 
(right  side)  and  VASCO-X2  (left  side)  gear  data 
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In  each  of  the  respective  figures,  the  analyzed  data  from  the  cracked,  AMS-6265,  is  shown  on  the 
right  hand  side,  while  the  left  hand  side  shows  the  computed  results  from  the  VASCO-X2  gear 
data.  Notice  that  the  results  for  the  AMS-6265  data  all  consistently  indicate  a dramatic 
deviation,  from  an  initial  trend,  at  an  accumulated  load  value  of  ~ 3.4  Ibf-cycle.  The  uncracked 
gear,  VASCO-X2  does  not  indicate  this  behaviour.  In  the  case  of  the  AMS-6265  gear  we  believe 
that  these  departures  from  initial  trend  values  occured  when  the  micromechanical  mechanism  of 
gear  fatigue  transitioned  from  crack  initiation  to  crack  growth/propagation.  Closer  inspection  of 
the  results  for  the  AMS-6265  gear  showed  that  the  high  rate  of  AE  energy  release  predated  the 


Figure  7.  Comparison  of  accumulated  acoustic  emission  energy  calculated  from  AMS- 
6265  (right  side)  and  VASCO-X2  (left  side)  gear  data 


Figure  8.  Comparison  of  rneem  squared  voltage  values  calculated  from  photodiode 
response  of  AMS-6265  (right  side)  and  VASCO-X2  (left  side)  gear  data 
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moving  average  deflection  feature  by  ~ 2500  cycles,  or  3 % of  the  total  number  of  cycles. 

The  results  from  the  optical  data  analysis  were  also  consisitent  which  the  moving  average 
deflection  feature.  However  the  high  sampling  rate  of  the  optical  data  provided  an 
opportunity  to  investigate  more  sophisticated  analysis  proceedures. 

SIGNAL  PROCESSING  BY  CYCLCOSTATIONARITY;  The  periodic  nature  of  the 
loading  suggested  application  of  cyclostationary  signal  processing  techniques  for 
studying  the  frequency  spectrum  of  the  observed  deflection  signal.  These  techniques  have 
been  successfully  applied  to  various  problems  in  communication  systems.  We  selected 
the  optical  photodiode  voltage  measurements  for  our  analysis  due  to  the  higher  sampling 
rate  used,  which  allows  higher  harmonics  to  be  studied.  Cyclostationary  processing 
should  provide  a better  estimate  of  the  harmonic  content  of  the  observed  signal  which 
gives  a..  Indication  of  abnormal  mechanical  activity.  In  this  section  we  present  some 
preliminary  r ’•ults  of  cyclostationary  processing  of  the  observed  signal. 

We  use  the  deanition  in  [5]  of  the  cyclic  spectral-correlation  density  (SCD)  of  a signal  x{t)  is 
defined  as 

S^if)  = ^(Oexp0'^«t)][h^(0*  ^0)exp(-;;ra?)]’)  (5) 

where  hg(t)  is  a one-sided  narrowband  filter  with  center  frequency / and  bandwidth  B,  * denotes 
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Figure  9.  SCD  magnitude  of  the  photodiode  voltage  signal  prior  to  crack  propagation  (70000- 
75000  cycles) 
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Figure  10.  SCD  magnitude  of  the  photodiode  voltage  signal  during  crack  propagation  (75000- 
84000  cycles) 


the  convolution  operator,  the  superscript  * indicates  the  conjugation  operation,  and  o indicates 
the  time-average  operation.  The  above  operation  is  performed  for  various  values  of  a to  obtain 
the  entire  SCD.  We  have  shown  in  Figures  9 and  10  the  magnitude  of  the  SCD  of  the  laser 
photodiode  voltage  signal  during  the  last  part  of  the  run  which  resulted  in  a cracked  tooth.  The 
two  line  spectra  clearly  indicate  a change  in  the  nature  of  the  signal.  In  particular,  there  are  more 
spectral  lines  in  Figure  lo  than  in  Figure  9 but  magnitude  of  the  lines  in  Figure  10  is  smaller  than 
the  lines  Figure  9.  This  indicates  that  the  fatigue  in  the  tooth  is  observable  m the  spectral  content 
of  the  deflection  signal  This  fact  is  corroborated  by  the  presence  of  a crack  during  the  visual 
inspection  of  the  gear  after  the  completion  of  the  test  and  by  other  signal  processing  analysis 
described  above. 


CONCLUSIONS:  We  have  described  an  experiment  where  multisensor  data  was  collected 

during  gear  tooth  fatigue  studies.  Although  the  number  of  data  sets  was  not  large,  our  analysis 
extracted  several  features  which  could  be  useful  in  a failure  prediction  model.  These  features 
were  shown  to  be  in  agreement  with  the  observed  fatigue  induced  crack  damage.  We  have  also 
employed  new  techniques  specifically  designed  for  cyclostationary  systems,  such  as  rotating 
machinery.  Having  shown  the  viability  of  this  approach,  we  believe  that  further  investigation  into 
to  determine  whether  this  approach  can  be  utilized  for  predicting  remaining  useful  life  of 
machinery  is  warranted. 
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